Abstract Knowledge of the processes that control nitrate migration and its geochemical evolution in the subsurface are fundamental for the regional management of polluted aquifers. In this paper, the spatial distribution and transient variations of nitrate concentrations, associated with manure fertilization, are used to depict hydrogeological dynamics within the sedimentary aquifer system of la Plana de Vic in the Osona region of Spain. Flow systems are identified from geological, hydraulic head, hydrochemical and isotopic data, and by considering nitrate itself as a tracer that indicates how flow paths are modified by human pressures. In this area, nitrates move through fractured aquitards in flows induced by groundwater pumping. Moreover, the lack of casing in the boreholes permits a mixing of groundwater from distinct layers inside the wells, which negates any benefits from the low-nitrate groundwater found in the deepest aquifer layers. Therefore, impacts on groundwater quality are related to intensive manure fertilization as well as to inadequate well construction and exploitation strategies.
INTRODUCTION
Nitrate pollution of groundwater is one of the main concerns of current hydrological management. In Europe, the drinking water limit of 50 mg NO 3 /L (Directives 91/676/EC and 98/83/EC) means that many aquifers located in areas with high human occupation are already polluted, and their waters cannot be used domestically. The European Water Framework Directive (2000/60/EC), which aims to provide a management context for all European water bodies, recognizes this fact and lists nitrate as one of the main pollutants causing eutrophication in surface water bodies. More recently, the Groundwater Directive (2006/118/EC) specifically cites nitrate as one of the main threats to groundwater quality and sets the above concentration level as a threshold value for assessing groundwater chemical status.
In the process of characterizing the environment and defining remediation actions, of major concern are the processes that control nitrate migration and evolution in the subsurface layers, especially in regional aquifer systems where nitrate is reported to appear in confined aquifers deep below the soil surface and far away from recharge zones.
Vulnerable or polluted zones are defined on a geographical basis, where soil and aquifer characteristics show a high degree of vulnerability and regional human activities pose a serious risk of pollution. From a geological perspective, these areas may integrate distinct hydrogeological units and flow systems on different scales that may not have related hydrological dynamics. Geology, hydrology and recharge area distribution define the flow boundaries that determine the extent of hydrological and geochemical processes. In addition, groundwater exploitation creates new flow systems that alter natural, predevelopment conditions. Water withdrawal results in a mixing of waters of distinct quality and, as a result, pollution spreads out from the originally polluted aquifer units to others where nitrogen would not be present under a non-influenced flow regime.
Most of the papers that analyse nitrate pollution focus on determining the sources and processes that control groundwater nitrate levels. For instance, papers like those by Burg & Heaton (1998) , Hudak (2000) , Almarsi & Kaluarachchi (2004) , Katz et al. (2004) , Liu et al. (2005) , Masetti et al. (2008) , Vitòria et al. (2008) , Carbó et al. (2009) , Chae et al. (2009) , Kaown et al. (2009) , Katz et al. (2009) and Chen et al. (2010) , most of which are based on hydrochemical and isotopic data, study nitrate trends in groundwater at different scales to identify potential sources and emphasize the relevance of conceptual hydrological modelling in the understanding of nitrate polluted aquifers. Authors such as Mariotti et al. (1988) , Böttcher et al. (1990) , Robertson et al. (1996) , Aravena & Robertson (1998) , Feast et al. (1998) , Einsiedl et al. (2005) , and Otero et al. (2009) focus their efforts on investigating natural denitrification in situ, as a natural attenuation process that occurs in different kinds of aquifers and aquitards.
We aim to complement that work by investigating nitrate itself as a potential indicator of hydrogeological behaviour in a system with an environment influenced by human activity: intense fertilization using manure and high groundwater withdrawal rates. This perspective must be supported by hydraulic, hydrochemical and isotopic data that provide the appropriate framework to evaluate geochemical processes inherent to the actual hydrogeological system, such as in situ natural denitrification.
The study describes the geological setting and hydrogeological dynamics of a permanent exploitation regime, identifies the flow systems using hydrochemical facies and water isotopes (δ 18 O, δD and tritium), and accounts for nitrate pollution distribution, and its temporal variations over an entire hydrological year in the Plana de Vic area, in the Osona region (Barcelona, northeast Spain). Such an approach, based on a regional characterization and a transient monitoring of nitrate groundwater contamination, is intended to provide appropriate local strategies for water management in an area where pig manure application has been regular for more than a decade. Pig farming still has economic significance and a major impact on water resources, because manure application according to crop fertilization needs was the main way to reuse manure, usually in excess, before present policies were implemented.
STUDY AREA
According to European directives, the Osona region (NE Spain) is vulnerable to nitrate pollution from agricultural sources. Animal manure production, mainly from intensive pig reering in an area of 1263.8 km 2 , results in an estimated 10 900 tons of N per year, which are mainly used as organic fertilizer (Vitòria, 2004) . Chemical fertilizers are also applied, especially in areas close to villages where the use of pig manure is restricted. Manure from pig farms is applied twice a year to the fields, before and after the crop growing season (before February and after September). Present regulations limit manure application to 170 kg/ha of N per year. Nowadays, each farm has land plots assigned for manure application, although past agricultural practices could overload specific areas with manure. Irrigation is only needed in corn fields, which do not account for a large percentage of the farmed area.
In the central part of Osona, known as the Plana de Vic, groundwater nitrate pollution is widespread, with a mean concentration over 100 mg/L for the last five years. Previous studies in a small area located in the northern part of this study area showed that dissolved nitrate mainly came from pig manure ammonia that became nitrified in the unsaturated zone, and used a multi-isotopic approach (Vitoria et al., 2008) to demonstrate the existence of denitrification processes.
The Osona region is in the internal basins of Catalonia, approximately 60 km north of Barcelona (Fig. 1) . Our research focuses on its eastern and central part, namely the Plana de Vic, a plain that belongs mainly to the River Ter basin, has a mean elevation of 500 m a.s.l., and is surrounded by mountain ranges (1050-1500 m).
Geologically, this hydrogeological system lies on Palaeogene sedimentary materials overlaying Hercynian crystalline (igneous and metamorphic) rocks. The stratigraphic sequence consists of a conglomerate formation at the bottom, and a succession of carbonate formations, with alternating calcareous, marl and sandstone layers with a total thickness of about 1500 m (Reguant, 1967; Gich, 1972; Busquets et al., 1979; IGME, 1983 IGME, , 1994 ; a synthesis of the regional stratigraphy is presented in Abad, 2001 ).
Some gypsum layers are found locally in the southwest of the study area. Detailed geological mapping of the area can be obtained online (Institut Cartogràfic de Catalunya, www.icc.cat) . These formations show a dipping to the west of about 5-10 • that is quite uniform, and only have an antiform structure at the area's northern border (the Bellmunt anticline). Nevertheless, significant variations in thickness and facies transitions are common in this sedimentary basin, as evidenced by signs of a strong structural influence in its evolution during the early Tertiary (Figs 1 and 2) .
Despite this structural control during the Palaeogene, faults were not significant later on, and especially not during the Quaternary. Therefore, the present morphological features of the Plana de Vic basin are not defined by major structural elements, but are related to erosion processes controlled by the evolution of the River Ter drainage basin, or the groundwater flow.
Hydrogeologically, the system consists of a series of aquifers located in carbonate and carbonatesandstone layers, whose porosity is mainly related Fig. 1 Geographical location of the study area, and zone differentiation based on hydrogeological observations. to a fracture network of variable density, roughly oriented N-S and E-W throughout the study area (Fig. 2) . Marl strata are dominant in the central and western part of the Plana de Vic, reaching a thickness of about 300 m. Marls act as aquitards but can also fracture when their sand content is significant, as observed in boreholes and hydrogeological prospecting. The main wells used to meet agricultural and farm demand usually reach depths of more than 100 m in search of the most productive confined aquifers. In the central part of the region, Palaeogene sedimentary materials are covered by Quaternary alluvial and colluvial materials mainly consisting of clay with pebbles. Alluvial aquifers are scarce and generally non-productive in the area, except for those located on River Ter terraces. Nevertheless, most of the fertilizer is applied on these Quaternary deposits because they are suitable for agriculture.
Mean rainfall is about 585 mm/year, and potential evapotranspiration is greater than rainfall, 740 mm/year, as estimated using the Thornthwaite equation. Osona is thus a semi-arid region that relies mainly on groundwater to satisfy agricultural and farm demand, whereas surface water from the River Ter supplies most of the urban demand. There was a specific dry period (which began in October 2004) during the early part of the field work (which started in January 2005) and ending during its last phase (August 2005) . Then, in just three months (from August to October 2005) a total of 340 mm of rain fell, compared to 310 mm in the previous ten months (Fig. 3) . Such an abrupt change in the aquifer's recharge dynamics influenced the evolution of the groundwater nitrate content in the following months, and provided valuable information on the hydrodynamics of the system.
METHODS
The occurrence and distribution of nitrate in the Plana de Vic was analysed within the framework of a wider research project that aimed to identify the different regional flow systems in the study area, its recharge areas, flow paths and their hydrochemical facies. We conducted three potentiometric field surveys (in January, June and November 2005), based on 170 measuring wells, to depict the major trends of the water flow regime and the effect of geological and hydrological boundaries. Groundwater hydrochemical and isotopic data were obtained in two sampling surveys of 59 wells (May and October 2005) in which water temperature, pH, conductivity, O 2 , and Eh were measured in the field using a continuous flow cell, and water samples were collected when all these parameters were steady. Samples were filtered and stored at 4 • C to determine major ions (including Fe and Mn), and acidified for cation analysis.
Nitrogen compound concentrations (nitrate, nitrite and ammonium) were monitored intensively every month from February to December 2005, based on a full set of 246 wells in February and a reduced representative set of approximately 85 wells in the following nine surveys (except in September-October when weather conditions limited access to the field, and a joint bimonthly survey was completed with 147 sampling points). Such a high sampling frequency was designed to discover the influence of major manure application on confined aquifers, the effects of the lack of recharge related to the existing dry conditions, and the effects of sudden high infiltrations when major rainfall events occur, as they did from August to October (Fig. 3) .
Hydrochemical data were analysed by standard methods. NH 4 + , NO 3 -, and NO 2 -were measured through spectrometry; alkalinity, through titration; Cl -, SO 4 2-and NO 3 -using capillary electrophoresis (CE) with indirect-UV detection; and, Na + , Ca 2+ , Mg 2+ , and K + using inductively coupled plasma atomic emission spectrometry (ICP-AES). Isotopic characterization includes δD and δ 18 O of water and tritium. δD and δ 18 O were obtained by H 2 and CO 2 equilibrium, respectively, and isotope ratio mass spectrometry (IRMS). Tritium contents were determined by liquid scintillation counting. Notation is expressed in terms of δ ‰ relative to the V-SMOW standard, and TU, respectively. Reproducibility of the samples calculated from standards systematically interspersed in the analytical batches is ±1.5‰ for δD, ±0.2‰ for δ 18 O-H 2 O, and ±0.5 TU for tritium.
RESULTS

Flow system analysis
Potentiometric data from February 2005 (Fig. 4) are taken as the reference for the flow system for most of the study under dry conditions. (Changes occurring after the main rainfall events of autumn 2005 are discussed later in the text.) The potentiometric lines show a topographic control of the flow system in the Plana de Vic. High hydraulic head areas are located in the structure of the Bellmunt anticline, and in the eastern and western hill ranges, which are the main recharge.
The dipping layered system exerts a structural control that favours a general NNE-SSW flow in the northern half of the area, north of the Ter, and an E-W flow in the southern part. In this southern area, major recharge originates in the eastern ranges and flows to the central part of the area, where a decrease in permeability related to lithological changes in the sedimentary record, specifically an increase in marl thickness and a reduction in fracture density, limits groundwater discharge towards the west. In fact, there is only minor recharge from the western ranges to the central part of the Plana de Vic because of the previously-mentioned low hydraulic conductivity marls and the dip direction.
The influence of the River Ter as a major hydrological boundary is limited to local aquifers (alluvial terraces and the most superficial Palaeogene sedimentary formations). Nevertheless, the strip along the river separates two areas with distinct lithostratigraphic units (in occurrence and thickness). These units allow us to differentiate between two flow systems, as previously described, based on specific hydrochemical patterns.
In nearby wells of different depths the hydraulic head values are similar because the consolidated nature of the sedimentary rocks does not require casing in the boreholes and so different aquifer layers of various stratigraphic formations are connected by deep wells. As a result, a vertically-averaged head value was recorded in most of the wells, and has been contoured without distinction (Fig. 4) .
Data from the three survey periods show that the hydraulic head increased progressively from January 2005 through the entire study period. This general tendency can be attributed to the recharge events that occurred during the second half of 2004. Although rainfall was scarce during the first half of 2005, rainfall events that took place during February and March led to a slight increase in some wells in the May survey. Nevertheless, the greatest increase corresponds to the August-October 2004 rainfall period, as seen in the November data set.
Specifically, hydraulic head increases were more common in the deepest wells than in the shallowest ones. This reveals the system's overall efficient response to recharge from recent rainfall events. It also confirms the confining character of the marl formations, although the lithological units with the highest fraction of sand and, therefore, greater cementation, have a fracture network that enables them to act as leaky formations.
Based on the hydrogeological observations derived from hydraulic head data, we can distinguish three zones in the overall flow system of the Plana de Vic (Fig. 1): -Zone N includes the area located north of the River Ter. Groundwater flow is controlled by the recharge from the Bellmunt-Cabrerès range, and generally follows a NE-SW direction. It also includes the River Ter's main terraces, which constitute independent unconfined alluvial aquifers.
-Zone SE comprises the eastern and southeastern ranges of the Plana de Vic area, south of the River Ter, which represent a recharge area. Groundwater flows in E-W and SE-NW directions. -Zone SW is located in the central and western parts of the area, south of the River Ter, and at the western limit of the study area. It receives groundwater flow from Zone SE, although a minor recharge may also originate in the western ranges. Alluvial and other Quaternary formations are well developed in Zone SW, providing a significant recharge to the underlying Tertiary sedimentary formations.
These zones will be used to describe hydrochemical and isotopic features of the Plana de Vic area.
Hydrochemical and isotopic data
The chemical composition of major elements and species, as well as isotope contents, are shown in Table 1 . Electrical charge balances are below ±5%, with an average error of -0.30 ± 2.59% in a total of 59 samples. Three main groundwater types are identified in this region: the dominating calcium-bicarbonate type coexists with the calcium-sulfate and calciumsodium-chloride types, which are found downgradient from Zone SE to Zone SW. In general, the increase in sulfate is accompanied by an increase in magnesium in Zones N and SE, and by an increase in sodium and potassium in some wells in Zones SE and SW. In the study area, gypsum is not the main mineral that provides dissolved sulfate. A different origin for sulfate is suggested by calcium concentrations higher than sulfate, low gypsum saturation indices of between -0.5 and -1.8, and a lack of correlation between these and SO 4 2+ content. Indeed, Eh values and the sulfur isotopic composition (δ 34 S-SO 4 ) of the studied samples reveal that pyrite oxidation is the main source of dissolved sulfate. Furthermore, δ 15 N values indicate that this oxidation is related to denitrification processes in the study area, as discussed in a companion paper by Otero et al. (2009) . Moreover, pyrite oxidation in the unsaturated zone under aerobic conditions and the occurrence of calcite produce iron hydroxides as well as sulfate, bicarbonate and calcium in solution (Moncaster et al., 2000) , which may account for the abundance of HCO 3 -. Throughout the study area, high chloride content, especially in Zone SW, is related to the amount of nitrate in the groundwater (Vitòria et al., 2008) . High chloride concentrations are thus proportional to manure application and subsequent infiltration as nitrate within the aquifer, suggesting an artificial origin for chloride surplus in groundwater. However, two of the chloride groundwater types are related to local pollution problems caused by food-processing industries. From a regional perspective, water isotope data from the Plana de Vic have a range of δ 18 O values between -5.8 to -7.3‰, with a single lower value of -8.3‰. This is consistent with isotopic values for recharge areas above an altitude of 1000 m a.s.l. for the lowest δ 18 O values, and for areas around the elevation of the main plain area (∼500 m a.s.l.) for the highest δ 18 O values, according to regional isotopic distribution data sets (Menció, 2006; Folch et al., 2008) .
Recharge at such altitudes is consistent with the hydrological features described earlier in the text. Specifically, Zones N and SE have the most depleted δ 18 O, whereas Zones N and SW contain water samples with the highest δ 18 O values. This distribution confirms that the flow system in Zone N receives recharge from higher altitudes (δ 18 O ∼ -6.5 to -7.0‰), in particular the BellmuntCabrerès range, as well as from the lower altitudes on its SW edge (δ 18 O ∼ -6.0‰; Figs 1 and 3) . According to the geological features of the system as shown in the geological cross-section in Fig. 2 , Zones SE and SW constitute a single flow system with a recharge area at high altitude represented by Zone SE wells. Nevertheless, Zone SW data show that there is also efficient infiltration from lower altitudes, indicating that rainfall from the central Plana de Vic area (δ 18 O > -6.5 ‰) also contributes to the recharge. This is particularly interesting because in this central area most of the crops are on alluvial and other soils where fertilizers are applied intensively. This recharge is therefore responsible for nitrate leaching into the groundwater system, as illustrated by Fig. 5 , which will be described later.
With current rainfall tritium content below 7 TU, a general interpretation attributes higher tritium content to post-bomb recharge, as will arise in a pistonflow model as well as in an exponential model with residence times of less than 50 years (Zuber, 1986) . Therefore, samples with a high tritium content can be associated with contributions of long transit-time flow lines, such as those collected in Zones N and SE; whereas waters with less than 7 TU, and even as little as 5 TU occurring mainly in Zone SW, can be attributed to recent rainfall infiltration (Table 1) . Low tritium water identified in wells deeper than 30 m are evidence of vertical recharge across surface formations in Zone SW, with a downward flow to lower layers induced by pumping. This also explains most of the nitrogen content in these aquifers, which, as described next, migrates through fractures.
Nitrate distribution and geochemistry
The δ 15 N and δ 18 O values of the nitrate indicate that dissolved nitrate is mainly derived from pig manure ammonia that has become nitrified in the unsaturated zone (Vitoria et al., 2008; Otero et al., 2009) . Nitrate is spread widely across the Plana de Vic and is one of the main concerns of water management, as concentrations above 50 mg/L are frequently found in groundwater (Fig. 6) . Some differentiation arises when the nitrate concentration is plotted against well depth, showing an expected distribution in which higher NO 3 -is found in the shallowest wells and decreases with depth (Fig. 7) . This pattern is consistent with current practice of applying manure to fields, mostly on alluvial terrains, because the marl outcrops lack fertile soil and are useless for agricultural purposes. More importantly, wells deeper than 30 m, which is a reasonable lower limit for the shallow aquifer levels, also show high nitrate concentrations, indicating that water mixing can take place within the wells. This concurs with Santi et al. (2006) and Landon et al. (2010) who describe crosscontamination as the result of mixing of waters from various elevations during pumping, and water flowing vertically in the uncased borehole when the pump is off, or both. As nitrate is applied on the surface, it can be considered a tracer of recharge dynamics in an area, especially when high rainfall periods occur after an eight-month drought. The monthly evolution of nitrate in this widely distributed set of approximately 85 wells recorded the effect of sudden changes in the system. The cumulative distribution of the nitrate concentration underwent a significant shift during the September and November 2005 surveys, indicating that, in general, higher nitrate concentrations were measured after the intense rainfall period across the entire area (Fig. 8) . Different hydrogeological behaviours can be identified for different borehole depths and locations (Fig. 9) . In general, wells of depth less than 30 m ( Fig. 9(a) , (c) and (e) There is a similar pattern with time in all three zones, denoting analogous infiltration processes and nitrate migration in the uppermost level. Despite the sequence of unusual drought and rainy periods, nitrate content remains high and steady as the result of regular (once every four or six months) pig manure applications on the fields.
Wells deeper than 30 m (those that are mostly drilled in sedimentary formations) show diverse changes, the most significant being a sudden increase in NO 3 -to more than 200 mg/L from concentrations usually around or below 100-150 mg/L during the first half of 2005 ( Fig. 9(b) and (f)). Other sampling wells regularly show NO 3 -concentrations of less than 100 mg/L, and even below 50 mg/L, with very little or no effect from the autumn recharge ( Fig. 9(b) and (d)).
These distinct patterns of change for deep wells (>30 m in depth) illustrate two main facts about the regional hydrodynamics: (1) wells with a minor effect on their nitrate content after rainfall events are located in the recharge areas of Zone N and Zone SE, that is, in the region's northeastern and eastern sectors, mainly because these areas do not present agricultural practices and fertilization is therefore nil; and (2) wells that show a noticeable increase in nitrate concentration are mainly, but not exclusively, located in the discharge areas and covered by alluvial formations or weathered layers that allow agricultural use and are, therefore, likely to receive intensive manure applications (Fig. 9(b) and (f) ). In this case, high NO 3 -values during the rainy season are related to a major downward leaching pulse from the surface that introduces nitrate to the subsurface layers through fractures. Depression cones from pumping wells contribute to the intensive infiltration of nitrate to depth when recharge fills the entire subsurface fracture network. Otherwise, during the dry season, part of the captured water comes from the recharge areas of those deep aquifers located in the northern and eastern limits of the Plana de Vic, with low nitrate content. Moreover, Fig. 9(d) shows deep wells that keep uniform high concentrations of above 50 mg/L. Those specific points indicate an efficient cross-contamination between the distinct exploited levels in the borehole. The usual borehole design needs then to be considered in the interpretation of the nitrate evolution data. Local drilling methods do not include the use of casing along the entire depth of boreholes because the rocks are consolidated enough to ensure borehole stabilization and prevent caving. When wells are cased, screened sections typically span productive layers at multiple depths. Therefore, deep well data represent averaged hydrochemical values along the entire length of the well borehole. Moreover, the leaky nature of the main aquifers must be considered since the marl layers are considerably fractured where the percentage of sand is high. Therefore, increased nitrate concentrations in deep wells (>30 m) are attributed to induced downward flows (Fig. 9) . Nitrate accumulated in the soil or in the uppermost aquifer layers is leached after a major rainfall event. The quick response of the nitrate increase, about a month, also suggests a lack of subsurface stored groundwater after a drought period. This indicates that nitrate infiltration cannot originate at the main outcrops of the deep layers in the recharge areas located many kilometres away, but in the vicinity of the borehole. It also sustains the idea of vertical fluxes induced by intense local recharge, and also by pumping activity.
More interestingly, the dual response pattern recognized in deep wells indicates that the deepest aquifer layers may have background nitrate concentrations below the 50 mg/L level. Appropriate well design and exploitation strategies, which exploit water resources only from these deep layers, could provide significant improvements in water quality.
The observation that nitrate in the area originates at the soil surface surrounding the well is also supported by the stable isotope data. A comparison of NO 3 -concentrations with water δ 18 O indicates that higher nitrate concentrations found in deep and shallow wells are related to depleted isotopic values and, consequently, to rainfall occurring at the lowest altitude parts of the study area (Fig. 5) . This also reinforces the above-mentioned hypothesis on the origin of the nitrate. In Fig. 5 , samples plotted with solid symbols are located below the hypothetical trend that relates NO 3 -values with recharge altitude, suggesting an efficient attenuation of nitrate within the aquifer. These samples presented δ 15 N > +15‰ in a detailed multi-isotope analysis, performed by Otero et al. (2009) , indicating that they were affected by denitrification processes related to pyrite and organic matter oxidation.
CONCLUSIONS
The interpretation of the spatial distribution and temporal variations of nitrate, measured in monthly surveys of boreholes, indicates that nitrate originates with infiltration from agricultural areas where large quantities of pig manure are used as fertilizer. Furthermore, high nitrate concentrations in deep wells (>30 m) in this hydrogeological system result from two combined factors: the significant recharge after a drought, and the infiltration induced by groundwater pumping for irrigation, of high-nitrate water from the upper unconfined aquifers through the fracture network. In dry seasons, nitrogen is stored in the soil, and water withdrawal from deep layers does not significantly induce downward recharge through the fractured aquitard layers, as indicated by the low nitrate concentrations. Heavy rainfall leaches nitrate stored in the surface layers and, because of continuous groundwater withdrawal, the nitrate content increases in the deeper aquifers. The fast increase of nitrate concentrations after heavy rainfall, as well as the relationship between δ 18 O and nitrate, support the idea that nitrate in the deeper aquifers originates from downward induced recharge. These observations indicate that there would be acceptable nitrate levels in the deepest layers if an appropriate groundwater extraction system that minimized vertical flows was applied in the area. In addition, the lack of casing in most wells means that water from all the productive layers is mixed, resulting in a decrease in nitrate in withdrawn water and the inefficient exploitation of the deepest aquifers.
These results suggest that policies related to preventing further nitrate concentration should focus on regulating intensive fertilization practices and determining appropriate groundwater extraction systems and well designs based on the regional hydrogeological dynamics. Using nitrate as a tracer, within the appropriate hydrogeological framework, has been key to depicting the hydrogeological dynamics that may support future management strategies.
